A near infrared (NIR) triggered drug delivery platform based on the chitosan-modified chemically reduced graphene oxide (CRGO) incorporated into a thermosensitive nanogel (CGN) was developed. CGN exhibited an NIR-induced thermal effect similar to that of CRGO, reversible thermo-responsive characteristics at 37-42 °C and high doxorubicin hydrochloride (DOX) loading capacity (48 wt%). The DOX loaded CGN (DOX-CGN) released DOX faster at 42 °C than at 37°C
incorporation into thermo-responsive materials. 1, 6, 13 However, none of these delivery systems have been advanced to clinical trials yet. Two-dimensional graphene has received considerable attention in biomedical applications in the past few years owing to its high mechanical strength, pH sensitivity, photosensitivity and low toxicity. 10, 14, 15 Graphene shows higher photothermal sensitivity than carbon nanotubes (CNT) and was shown to be highly effective in photothermal therapy for cancer. [9] [10] [11] [12] In addition, the highly efficient photothermal conversion of graphene enabled graphene oxide/ pluronic hydrogel to undergo rapid gelation by NIR laser irradiation. 16, 17 Whether chemically reduced graphene oxide (CRGO) is capable of acting as a photosensitive material for remote-controlled drug delivery has not been investigated yet.
A thermo-responsive carrier is another important requirement of the light-triggered remotecontrolled drug delivery system. Poly(N-isopropylacrylamide) (PNIPAM) undergoes a reversible discontinuous phase transition in water, changing from hydrophilic (swelling) to hydrophobic (shrinking) in response to a temperature change. This thermosensitive property of PNIPAM has been utilized for switchable drug delivery systems via incorporation of stimulus-sensitive materials. The PNIPAM hydrogels containing gold nanorods or gold-gold sulfide nano-shells, or PNIPAM nanogel-incorporated ethyl cellulose membranes containing magnetic nanoparticles demonstrate drug release resulting from the shrinkage of gel due to the heat produced by absorption of light or magnetic triggering. 4, [18] [19] [20] However, it is difficult to obtain stable nanoparticle dispersions in gels without disturbing the thermosensitivity of the hydrogel matrix. To improve the dispersion stability of the nanoparticles in the gel, Wang et al. enclosed gold nanoparticles inside a PNIPAM hydrogel with Au-reactive functional groups. 21 Shiotani et al. reported stable incorporation of gold nanorods into PNIPAM hydrogels by replacement of the surfactant on the surface of gold nanorods with thiol-terminated PEG. 18 However, such modification of the network polymers resulted in a shift in the volume-phase transition temperature and a reduced sharpness of the volume-phase transition behavior. Goreliko et al. prepared gold nanorod embedded PNIPAM-co-acrylic acid microgels by attractive electrostatic forces between the negatively charged microgel and positively charged gold nanorods. 22 However, for in vivo delivery, hybrid microgels cannot be used for systemic injection because their size is too large to circulate in the blood. To create a nanoscale delivery system, Kawano et al. applied PNIPAM onto the surface of a silica-coated gold nanorod followed by silica etching to obtain the hollow PNIPAM nanocapsule containing a single gold nanorod. 23 However, they did not test the drug delivery capability. Here, in order to achieve stable incorporation of CRGO to nanogel, CRGO was grafted with positively charged hydrophilic chitosan, which can increase the dissolution of nanoparticles and prevent the aggregation. 24 In this study, we exploited the high photothermal sensitivity of CRGO as the stimulus and thermosensitive nanogel as the carrier for remote controlled release of the anticancer drug, doxorubicin hydrochloride (DOX). The CGN was prepared from acrylated chitosan CRGO, N-isopropylacrylamide and PEG diacrylate, and then loaded with DOX. The morphology, hydrodynamic diameter, photothermal property, reversible thermosensitivity, and cytotoxicity of CGN were characterized with TEM, DLS, NIR laser, UV-vis, and PrestoBlue assay, respectively. After the evaluation of the drug loading capacity, thermosensitive release, and NIR-light-triggered drug release of CGN, the uptake of DOX-CGN and subcellular localization were tested in cancer cells using confocal laser scanning microscopy. Finally, the drug delivery efficiency of DOX-CGN was also evaluated on cancer cells by cell viability assay.
Methods

Materials
Graphene oxide 0.5% water solution was purchased from Angstron Materials Inc., OH, USA. Water soluble chitosan (Mw 10 kDa) was donated by Transgenex Nanobiotech Inc. Poly (sodium 4-styrenesulfonate) (PSS, Mw 70,000), N-isopropylacrylamide (NIPAM), acrylic acid anhydrous, polyethylene glycol-diacrylate (PEG-diacrylate), ethyl (dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) were bought from Sigma-Aldrich (St Louis, MO, USA).
Preparation of CRGO with acrylated chitosan
To prepare acrylated chitosan modified CRGO, firstly, CRGO-COOH was prepared according to the reported procedure with minor modification. 25, 26 PSS-coated reduced GO sheets were prepared by reducting 50 mg GO (1 mg ml −1 ) in the presence of PSS (15 mg ml −1 ) and 1.5 ml hydrazine under refluxing at 100 °C. 25 The brown color of the GO suspension was changed to black CRGO suspension. After cooling to room temperature, 1.2 g NaOH and 1.0 g chloroacetic acid were added to the GO-PSS solution and sonicated with 2510 Branson sonicator for 3 h 26 to convert the OH groups to COOH via conjugation of acetic acid moieties giving CRGO-COOH. To conjugate chitosan to the CRGO-COOH, 1 mg/ml CRGO-COOH suspensions (4 ml) were activated with EDC (30 mg) and NHS (30 mg) in 1 ml water for 30 min, and added to 10 ml of water-soluble chitosan solution (10 mg/ ml) in water. The reaction was kept for 3 h at room temperature before dialyzing in a 12 kDa molecular weight-cutoff dialysis bag for 2 days at room temperature against water. Finally, acrylated chitosan-CRGO was prepared by adding 1 ml EDC and NHS activated acrylic acid to 10 ml the above chitosan-CRGO solution. After reacting for 3 h, the solution was purified by dialysis in a 1 kDa molecular weight-cutoff dialysis bag for 2 days at room temperature against water.
Preparation of CGN
300 mg of NIPAM, 50 l of PEG-diacrylate, and 1 ml of acrylated chitosan-CRGO (10 mg/ ml) were added to 25 ml of nano-pure water in a three-necked flask. The solution was purged with argon gas for 30-45 s, and 25 ml of APS (53 mg in 25 ml) was added drop wise. The solution changed from colorless to white in 30 min and kept reacting for 4 h. The sample solution was purified by dialysis in 1 kDa molecular weight cutoff dialysis bag for 2 days at room temperature against water. Some of the solution was kept at room temperature as a further test of thermal sensitivity. The rest of purified solution was freeze-dried and kept at 4 °C.
Characterization
The temperature dependence of the phase transition of CGN was determined turbidimetrically (at 650 nm) by a Lambda 35 UV/vis spectroscope (Perkin-Elmer, USA) fitted with a 1-cm optical path length quartz cell. The dispersions were diluted and heated from 35 to 45 °C at a heating rate of 1°C min −1 . The hydrodynamic particle sizes of CGN were measured from 35 °C to 42 °C using a DynaPro DLS plate reader (Wyatt Technology, Germany). The morphology of the CGN was determined by transmission electron microscopy (TEM).
The photothermal properties of CRGO and CGN were tested using an NIR Laser Module source (RLDH808-1200-5, Roithner Laserthchnik Gmbh, Vienna, Austria) emitting at 808 nm (900 mW/cm 2 ). The suspension (2 ml) in a 15 ml conical-bottom centrifuge tube was irradiated for 5.5 min. The temperature increase was measured by a thermocouple inserted into the solution.
Drug loading and release
Freeze-dried CGN nanoparticles (1 mg) were mixed with different concentrations of DOX solution at 4 °C overnight. The solution was placed in a dialysis bag (1 kDa MWCO) against water to remove free DOX at room temperature for two hours. The dialysis bag with DOXloaded CGN was placed into 30 ml phosphate-buffered saline (pH 7.4) in a 50 ml centrifuge tube. The tube was placed into a 37 °C water bath or 42 °C water bath. At various times, 2 ml was withdrawn from the tubes to measure DOX absorbance at 485 nm. The concentration of DOX was calculated from a standard curve of known DOX concentrations.
To test the NIR triggered DOX release, a 2 ml DOX-CGN suspension (1 mg/ml) was irradiated with the 808-nm NIR light (900 mW/cm 2 ) over a period of 3 min. After temperature of the suspension was cooled down to the room temperature, aliquots were withdrawn from the test tube and centrifuged at 10,000 rpm for 10 min, and the released free DOX was quantified by measuring DOX absorption at 485 nm using UV-vis.
Determination of DOX-CGN cell uptake
For cellular uptake and subcellular localization tests, cells were seeded (60,000 cells per chamber) in four-well chamber CellView ™ culture dish (Griener, Bio-one) and grown at 37°C
overnight. The plates were put in 3i live cell pathology device at 37 °C or 42 °C. We chose 42 °C, which is higher than the low critical solution temperature (LCST) of CGN as the in vivo test temperature, because of the cooling capacity of the bloodstream and perspiration. After the samples (4 M) were added to the cells, the fluorescent images were taken at 0 min, 30 min and 60 min with 3i Olympus Spinning Disk Confocal Microscope (laser, 488 nm). The fluorescent characteristic of DOX ( ex=470 nm, em=590 nm) was used to monitor the cell uptake and drug release process of DOX or DOX-CGN at 37 °C and 42 °C.
Cytotoxicity of DOX-CGN
To determine cell viability after treatment with DOX alone or DOX-CGN, cells (15,000 per well) were allowed to adhere to a 96-well plate overnight before adding DOX or DOX-CGN. For testing the thermo-release of DOX from DOX-CGN, the cells were incubated with DOX-CGN or free DOX at 37 °C or 42 °C for 30 min after which the plates were returned to 37 °C for three days. The viability was determined by PrestoBlue assay. Viability values were calculated as the fraction of treated cells/untreated cells.
NIR-light-triggered cellular uptake and cytotoxicity
For NIR-triggered cellular uptake and subcellular localization tests, cells were seeded (1.50 × 10 5 ) in 6-well culture dish and grown at 37 °C overnight. Cells were incubated with CGN, DOX-CGN or PBS for two hours and then trypsinized, resuspended, and washed by centrifugation at 400g into 4 ml DMEM media containing 10% FBS. 2 ml of each cell suspension (PBS, CGN, DOX-CGN) was irradiated for 3 min in a 15 ml tube with an 808 nm laser at a power of 900 mW/cm 2 . Immediately after irradiation, cells were washed one more time, centrifuged and resuspended in DMEM media. Finally, 2 × 10 4 cells per well were plated in an 8-well chamber slide. After 8 h incubation, cells were washed with PBS and fixed in a solution of 4% paraformaldehyde in PBS at 37 °C for 10 min and then mounted in VectaShield (Vector Laboratories) containing fluorescent 4 , 6-diamidino-2-phenylindole (DAPI). Images were acquired with a confocal microscope. The remaining cells were plated into a 96-well plate for evaluating cytotoxicity using PrestoBlue assay.
Statistics
Statistical analysis was performed using Student's t test. A P value of less than 0.05 was considered as a statistically significant difference.
Results
Preparation and characterization of CGN
To prepare CGN, we first synthesized CRGO, as described. 27 Next, CRGO sheets were functionalized with carboxylic acid (COOH) moieties, 26 which in turn were covalently bound with chitosan via the amide bond in the presence of EDC and NHS. To prevent coagulation, the chitosan functionalized CRGO sheet was further reacted with acrylic acid to obtain the acrylated chitosan-CRGO monomer. The acrylated chitosan-CRGO monomers were copolymerized with NIPAM and PEG-diacrylate crosslinker to form a nanogel ( Figure  1 ) instead of being physically dispersed inside the gel.
The particle morphology of CGN is spherical and the particle size distribution is monodisperse (Figure 2, A) . The photothermal responsiveness of CRGO, CGN suspension, and water is shown in Figure  2 , D. In contrast to the water sample, the CRGO and CGN suspension showed a rapid increase of temperature in 5.5 min. The heat generating capacity of CGN ( T≈24.5 °C in 5.5 min) in the same conditions is comparable to CRGO suspension ( T≈26.3 °C in 5.5 min), but significantly higher than water ( T≈15 °C in 5.5 min). These data indicate that CRGO and CGN display high photothermal responsiveness.
The temperature-induced change in size of the CGN was measured by DLS ( Figure 3, A) using heat as the stimulus. The CGN exhibited a thermoresponsive discontinuous phasetransition due to the dehydration of the polymer chains and the collapse of the hydrophilic segments. The diameter of CGN decreased ~220 nm on heating to 40 °C. The size of the dried CGN (35 nm) observed in TEM was much smaller than the size determined by DLS.
The thermosensitive behavior of CGN at physiological temperatures was also evaluated by monitoring the turbidity change of aqueous CGN solutions upon temperature change ( Figure  3, B) . The turbidity of CGN solution increases rapidly with increasing temperature from 39 to 42 °C. When the temperature reaches 42 °C, the nanogel begins to shrink and water molecules are squeezed out of the nanogel. The difference in the refractive index between the nanogel and water increases causing the increased turbidity. During cooling/heating cycles, the turbidity of the sample at 42 °C or 25 °C remained the same (Figure 3, C) , suggesting that the turbidity changes with temperature were reversible.
Cytotoxicity of CGN
To evaluate the potential application of this reversible thermal responsiveness of CGN, its biocompatibility was assessed by testing for effects of CGN on the viability of a mouse prostate cancer cell line, TRAMP-C1. Supplement Fig S1 shows the viability of TRAMP-C1 cells exposed to different concentrations of CGN, expressed as a percent of cell survival without CGN. There is no decrease in cell viability observed upon exposure to high concentration of CGN. To test for possible effect of nanogel heating on cell viability, the cells were treated with different concentration of CGN at 42 °C for 30 min and then returned to 37 °C. The viability of cells incubated at 42 °C remained similar to those cultured at 37°C (Fig. S1 ). These results demonstrate that no statistically significant decrease of cell viability was observed when TRAMP-C1 cells treated with CGN at 42 °C for 30 min (p>0.05).
Drug loading and release
To test the drug-loading capacity, the freeze-dried CGN nanoparticles were added to an aqueous solution of DOX and mixed thoroughly at 4 °C overnight to load the drug. The drug-loading content (wt%) at different DOX starting concentrations is shown in Figure 4 , A. The drug loading content increased with DOX feeding concentration because more drug molecules were available for entrapment. The equilibrium drug loading content was found to be 48 wt% of dry CGN. To determine how temperature influences the release of DOX, DOX-CGN was incubated at 37 °C and 42 °C. Figure 4 , B shows the time-dependent release profile of DOX at 37 °C and 42 °C. Drug release was more and faster at 42 °C than at 37 °C due to the thermo-sensitive release of DOX. Next, the NIR-light-triggered DOX release from DOX-CGN was tested by treating the DOX-CGN suspension to an NIR laser (808 nm, 900 mW) (Figure 4 , C), for 5 cycles each of exposure for 3 min followed by a 30 min gap. A fast release of DOX molecules (8.46%) occurred within 3 min after irradiation. In contrast, only 3.33% DOX was released without irradiation. During the second 3 min cycle, 10.58% DOX was released with irradiation compared to 4.60% DOX released without irradiation. There was 12.89% and 14.80% cumulative DOX release during the third and fourth cycle, respectively. The cumulative DOX release reached 18.81% when DOX-CGN was exposed to NIR laser five times with 3-min interval. However, in the absence of irradiation, the cumulative DOX release was leveled off at about 5%.
Cellular uptake and subcellular localization of DOX-CGN
To investigate the DOX release behavior of DOX-CGN in cells at 37 °C and 42 °C, TRAMP-C1 cells were treated with DOX-CGN or free DOX (4 M). The uptake of DOX by the cells was monitored by taking images at 0, 30 and 60 min after DOX-CGN or free DOX was added ( Figure 5, A and B) . At 37 °C, both DOX-CGN and free DOX were internalized into cells after 30 min. After 60 min, an increase in nuclear fluorescence intensity was observed for the free DOX. However, the DOX-CGN showed fluorescence exclusively in the cytoplasm. In contrast, when the cells were incubated at 42 °C for 30 min, an increase in nuclear fluorescence intensity was observed for both free DOX and DOX-CGN. At 37 °C, DOX remained sequestered inside the nanogel after internalization of DOX-CGN but DOX was released from the nanogel at 42 °C and entered the nucleus. Compared to 37 °C, the cells show more internalization of both DOX-nanogel and free DOX at 42 °C.
Cytotoxicity of DOX-CGN against cancer cells in culture
To determine the cytotoxicity of DOX-CGN nanogels at 37 °C and 42 °C, TRAMP-C1 cell viability was tested with different concentrations of DOX-CGN or free DOX at 37 °C ( Figure 5, C) , or at 42 °C ( Figure 5, D) . At 37 °C, the cytotoxicity of DOX-CGN was significantly less than free DOX (p<0.05). The IC 50 value of free DOX and DOX-CGN was 2 M and 20 M, respectively. At 42 °C, DOX-CGN showed comparable cytotoxicity to free DOX (p>0.05). The IC 50 of free DOX and DOX-CGN was less than 1 M.
NIR-light-triggered cellular uptake and cytotoxicity of DOX-CGN
Internalization of the DOX-CGN and its ability to undergo photothermal release inside Lewis lung cancer 1 (LLC1) cells were studied by comparing the confocal fluorescence microscope images of the LLC1 cells incubated with PBS, CGN, and DOX-CGN exposed to NIR laser (Figure 6, A) . DOX fluorescence was observed inside the cells treated with DOX-CGN indicating the cellular uptake of the DOX-CGN. No DOX fluorescence was observed in cells treated with PBS or CGN. The fluorescence images revealed that in the irradiated cells, most DOX was located in the nucleus whereas in the non-irradiated cells it was distributed in the cytoplasm. Similar results were observed with TRAMP-C1 cells (Figure 6 , B).
The effects of DOX-CGN, with or without NIR irradiation, on the viability of LLC1 and TRAMP-C1 cells were compared. As shown in Figure 6 , C and D, a significant difference in cytotoxicity between DOX-CGN combined with NIR irradiation and that of DOX-CGN alone was observed. When LLC1 cells were incubated with DOX-CGN, 77.5% of the cells were viable after 48 h of incubation. However, when cells were incubated with DOX-CGN at the same concentration and irradiated with NIR, only 51.31% of the cells survived. When cells were incubated with CGN or PBS, more than 95% of the cells were viable, regardless of whether the cells were irradiated with the NIR laser suggesting that short time irradiation by itself is not toxic to the cells. Similar findings were observed with TRAMP-C1 cells (Figure 6, D) .These results indicate that the cytotoxic effect of DOX-CGN upon irradiation was due to the NIR-triggered DOX release, but not owing to irradiation or CGN alone.
Discussion
To develop an NIR-triggered remote-controlled drug release system, the critical material is the photosensitizer with high absorption in the NIR region that can generate heat from light absorption. In the carbon family, materials with high photo-thermal properties in the NIR region for cancer therapy include single-walled carbon nanotubes, [28] [29] [30] multiwalled carbon nanotubes, 31 and graphene, 10,32 but not carbon fiber or graphite. It was reported that CRGO shows much (about 6.8 times) higher NIR absorption than graphene oxide. 12, 31 Furthermore, the high specific surface area and functional groups of two-dimensional graphene enable facile biological/chemical functionalization. Therefore, we chose CRGO as the photothermal stimulus for a controlled drug release system. By incorporating CRGO into thermosensitive nanogel, we anticipated that the high photo-thermal property of CRGO would result in a drug-delivery system that is highly responsive to NIR laser irradiation. DOX was incorporated into the CGN to demonstrate the NIR-light-triggered release of a widely used anticancer agent. Figure 1 depicts the synthesis process of the DOX-CGN and proposed mechanism of the NIR-light-triggered release of drugs from nanogel. First, we prepared uniformly dispersed nanoparticles inside the nanogel. Compared to conventional physical mixing, the nanoparticles were uniformly dispersed inside nanogel via chemical bond, which was supported by the TEM studies (Figure 2, A and B) . The CGN nanogels maintained their dispersion stability and exhibited no aggregation or precipitation for 3 to 4 months. To evaluate the photothermal property of the CGN, the temperature changes of CGN suspension upon exposure to NIR were compared with the CRGO suspension. The results indicated that CGN was able to elevate the temperature of water to the similar extent as CRGO alone at the same concentration (Figure 2, D) . In addition, the UV-vis absorption of CRGO and CGN at 808 nm was almost the same (Figure 2, C) . Thus, the encapsulation of CRGO into nanogel did not affect the absorption of NIR light and the photothermal conversion capacity of CRGO.
Second, to make CGN nanogel stimulus responsive, thermosensitive PNIPAM was used. The LCST of pure PNIPAM gel crosslinked with N,N -methylenebisacrylamide (BIS) is 32-34 °C. 1, 18 When the temperature is raised above 32 °C, the polymer undergoes a phase transition to a hydrophobic state, causing the gel to shrink. Using the pure PNIPAM hydrogel as the thermosensitive carrier for controlled drug release in vivo, the drug release state will always be 'on'. Therefore, we needed to adjust the LCST above the human body temperature (37 °C) but below the hyperthermia temperature (42 °C) for in vivo applications. To tune the LCST of PNIPAM, the hydrophilic monomer acrylamide (AAm) or acrylic acid was copolymerized with PNIPAM. 1, 22 Here, the acrylated chitosan graphene is another hydrophilic monomer that was used to adjust the LCST. In addition, the hydrophilic biocompatible crosslinker PEG-diacrylate was used instead of hydrophobic BIS. CGN shows significant reduction in size when temperature changed from 37 °C to 42 °C. This reduced sharpness of the volume phase transition is comparable to the PNIPAM gel coated gold nanorod. 23 In accordance with the size change of CGN upon heating, the turbidity of the CGN also demonstrated the thermosensitve response. These results suggest that the CGN remains swollen (in the 'off' state) at 37 °C, but shrinks (in the 'on' state') above the phase transition temperature.
For successful anticancer drug delivery, the drug carriers have to be constructed not only to respond to a specific stimulus, but also to achieve a high drug loading capacity. For the reported light-triggered remote controlled drug delivery system, 18, 22, 33 there has been little focus on drug loading capacity, even though drug loading capacity is a bottle-neck issue for the successful development of drug vehicles for potential clinical use. Drug molecules can be incorporated into nanogels through chemical conjugation, physical entrapment during polymerization, or physical diffusion. Compared to the complicated preparation and low bioavailability of chemical conjugation and difficulty of purification of physical entrapment, the physical diffusion method is the simplest and allows for easy purification before drug loading. In our formulation, the hydrophilic DOX molecules diffused to the nanogel during its swelling process. The 48 wt% drug loading content of CGN is significantly higher than the 26 wt% of pH-sensitive pegylated nanogel or 16.14 wt% of mPEG-P (LG-LC) nanogel. 34, 35 Compared to 37 °C, more DOX release from our DOX-CGN was seen at 42°C
, which indicated that temperature could be used to control the release of the drug from the nanogel. Next, the DOX-CGN was exposed to the NIR to determine the possibility of NIR-light-triggered drug release. The results showed that the heat generated by absorption of NIR was sufficient to trigger DOX release. The release of DOX from CGN could be readily modulated by controlling the cycles of laser irradiation (Figure 4, C) . These results suggested that the photothermal effect of CRGO in the nanogel could lead to the controllable DOX release from DOX-CGN. The potential shortage of this release system is difficult to control the same drug amount at different cycle. There was 8.46% cumulative DOX release at the first 3 min irradiation. However, there was a 2.12%, 2.31%, 1.92%, and 1% increase in cumulative release at the second, third, fourth, and fifth irradiation cycle, respectively. The reason for this decrease of the release rate during subsequent irradiation cycles is unclear, and it is in agreement with other reported NIR remote-controlled release systems. 36, 37 The confocal fluorescence images of TRAMP-C1 cells ( Figure 5 , A and B) demonstrated that the DOX-CGN was taken up by cells via the endocytic pathway and transported into the endosome. At 37 °C, free DOX was observed in the nucleus after 60 min due to the binding of DOX to the nuclear DNA. The fluorescence of DOX-CGN was only seen in the cytoplasm after 60 min which indicates that DOX is still trapped inside the CGN particles because of the swollen state at 37 °C. At 42 °C, the fluorescence intensity in cells was increased for both free DOX and DOX-CGN after 30 min. The reason for the higher DOX levels in cells at 42 °C is unknown, but presumably it is due to increased cellular endocytosis, which has been shown to be both energy-and temperature-dependent. 2, 38, 39 In addition, the fluorescence intensity in the nucleus was increased for both free DOX and DOX-CGN. These results suggest that DOX was released from the CGN in the endosome and transported to the nucleus owing to the shrinkage of the nanogel upon heating.
The cytotoxicity of DOX-CGN is much less than free DOX at 37 °C (Figure 5, C) but comparable to free DOX at 42 °C ( Figure 5, D) . The empty CGN is not toxic to cells and heating of cells to 42 °C for 30 min does not reduce cell viability. Therefore, the increased cytotoxicity of DOX-CGN was due to the faster DOX release from the endosome. This enhancement of cytotoxicity of DOX-CGN result is in accordance with the result of DOX release behavior from DOX-CGN inside the cells.
We next examined the effects of irradiation on DOX uptake, subcellular localization and cytotoxicity in LLC1 cells exposed to DOX-CGN. The presence of DOX fluorescence ( Figure 6, A and B) in the nucleus of the irradiated cells, but in the cytoplasm of nonirradiated cells suggests that DOX was not released from the CGN until irradiated with NIR light. The cytotoxic study ( Figure 6, C and D) showed that only irradiation or CGN treatment or a combination of both treatments had no direct effect on cell viability. About 23% cytotoxicity was observed in non-irradiated DOX-CGN treated cells, which might be caused by the leakage release of DOX as shown in the DOX release experiment (Figure 4 , B and C). A significant increase of about 26% in cytotoxicity was observed in irradiated cancer cells, but not in non-irradiated cells incubated with DOX-CGN. These results indicated that DOX-CGN release could be triggered by NIR inside live cells.
In summary, we have prepared a uniformly dispersed thermosensitive graphene nanogel, CGN, which displayed high photothermal properties and reversible dramatic size reduction with temperature increase. This CGN nanoplatform could load the anticancer drug and controlled drug release upon NIR irradiation, but was not toxic to cells at 37 °C or 42 °C. The NIR-triggered drug release of DOX-CGN inside the cells was confirmed by subcellular localization and cytotoxic test in live cancer cells. Collectively, these results show that the CGN developed here has the potential for noninvasive remote-controlled drug release triggered by exposure to light from an NIR laser. Upon exposure to the NIR laser, the light was absorbed and converted to heat through the photothermal response of graphene, which raises the temperature of the nanogel causing it to shrink and release the drug. When the laser is turned off, the drop in temperature allows the nanogel to return to its swollen state thereby stopping DOX release.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A schematic of DOX-CGN synthesis and DOX release. (A) Transmission electron microscopy (TEM) images of CGN; (B) higher magnification of CGN; (C) UV-visible NIR spectrum of CGN, DOX-CGN and CRGO; (D) photothermal heating curves of water (blue), CRGO (red) suspension (25 g/ml) and TGN (green) suspension (CRGO concentration is 25 g/ml) exposed to 808 nm laser at a power density of 900 mW/cm 2 . The temperature was measured by a thermocouple at the indicated timepoints. 
